Atomically thin PtSe 2 films have attracted extensive research interests for potential applications in high-speed electronics, spintronics and photodetectors. Obtaining high quality, single crystalline thin films with large size is critical. Here we report the first successful layer-by-layer growth of high quality PtSe 2 films by molecular beam † The authors declare no competing financial interest.
for photocatalytic activity, 12, [17] [18] [19] photodetection 20 and quick-response gas sensing 21 has also been demonstrated. Therefore, PtSe 2 is an attractive candidate for a variety of applications.
Obtaining high quality PtSe 2 films is a critical step toward this goal.
Monolayer PtSe 2 film has been first grown by direct selenization of Pt(111) substrate, 12 which is convenient to yield large films up to millimeter size. However, growing such film on metallic Pt substrates hinders the electronics application which instead requires an insulating substrate. The direct selenization method results in a self-terminating monolayer thin film, while thicker films cannot be grown using this method. Although atomically thin PtSe 2 flakes with different thickness can mechanically exfoliated from the bulk crystals, 14 the sample size is still unsatisfactory and unscalable. Recently, the attempts of growing PtSe 2 films by either chemical vapor deposition (CVD) 22, 23 or thermally assisted conversion (TAC). 24 are reported, however, the polycrystalline nature and lack of atomic-level thickness control are yet to be improved. On the other hand, molecular beam epitaxy (MBE) can provide a better control in terms of growth dynamics and realization of large size, high quality single crystalline films on various substrates with controlled film thickness, 25, 26 thus providing important material basis for investigating the physical properties and potential applications. In this work, we report the first layer-by-layer growth of high quality epitaxial PtSe 2 thin films on bilayer graphene/6H-SiC (0001) substrate. The growth process is monitored by reflection highenergy electron diffraction (RHEED) and low-energy electron diffraction (LEED). The high sample quality is revealed by atomic force microscopy (AFM) measurements. We present a systematic study of the vibrational modes and core levels as a function of film thickness by Raman spectroscopy and X-ray photoemission spectroscopy (XPS). Moreover, the band structure measured by angle-resolved photoemission spectroscopy (ARPES) from 1 ML to 22 ML PtSe 2 thin films shows the shrinking of band gap as the film thickness increases.
Spin-ARPES measurements further reveal the helical spin texture with spin-layer locking. Such high quality single crystalline films provide a unique opportunity for a systematic study of the evolution of the vibrational and electronic properties as a function of sample thickness.
The MBE grown PtSe 2 films are characterized by Raman spectroscopy and XPS. Figure   2a shows the Raman spectra of PtSe 2 films with varying thicknesses. The high quality films result in sharper spectra than exfoliated flakes 14 and three peaks are clearly identified as E g , A 1g and LO. In all PtSe 2 films, two prominent peaks at ∼180 cm −1 and ∼208.5 cm −1 , correspond to the E g and A 1g Raman active modes respectively. 23, 24 The E g mode corresponds to an intra-layer in-plane vibration of Se atoms moving in opposite directions and the A 1g mode involves the out-of-plane vibration of Se atoms moving away from each other. The E g mode shows a clear blue shift with decreasing film thickness (Figure 2b ), while the A 1g mode is pinned at 208.5 cm −1 at the first few layers thin film. A red shift of A 1g peak is also observed in thicker (22 ML) PtSe 2 film, which is less significant compared with E g mode. This anomalous behavior may be attributed to stacking-induced structural changes and long-range Coulombic interlayer interactions. 23, 28 Moreover, the peak intensity of the A 1g mode relative to that of the E g mode is strongly pronounced from 1 ML to 22 ML (Figure   2c ), consistent with the enhanced van der Waals interactions in thicker films. 28 The peak at ∼240 cm −1 is attributed to a longitudinal optical (LO) mode, which is a combination of the out-of-plane (A 2u ) and in-plane (E u ) vibrations of platinum and selenium atoms respectively, with a similiar origin to those observed in HfS 2 , ZrS 2 and CdI 2 .
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The zoom-in spectra in Figure 2d show the strongest LO mode in 1 ML PtSe 2 film that splits into two peaks at ∼236 cm −1 and ∼239 cm −1 . With increasing thickness, such two peaks merge into a broader and weaker peak. To reveal the evolution of the electronic structure as a function of film thickness, we show in Figure 3 LEED and ARPES data taken from 1 ML film to 22 ML PtSe 2 films. We further perform spin-ARPES measurements to reveal the spin texture of PtSe 2 films. 
METHODS
Thin film samples of PtSe 2 were grown in an ultrahigh vacuum chamber with a base pressure of 2 × 10 −10 torr. The bilayer graphene substrates were prepared by flash annealing of the 6H-SiC(0001) to 1350
• C. The growth process was monitored by RHEED and the growth rate was ∼30 minutes per monolayer. During the growth process the substrate temperature was kept at 270 • C. After the growth, the sample was transferred to an ARPES chamber for measurements of the electronic band structure. ARPES measurements were taken with a Scienta R8000 electron analyzer using UV lamp (21.2 eV) at the temperature of 80 K in a vacuum higher than 1×10 −10 Torr. XPS spectra of the Pt 4f and Se 3d core-levels were recorded under ultra-high-vacuum conditions better than 1×10 −8 mbar on a VG Scientific ESCAlab MkII system using Al Kα X-rays and an analyzer pass energy of 30 eV. Raman spectra were measured on a Horiba Raman system with an excitation wavelength of 633 nm and a 1800 lines/mm grating. Spin-ARPES measurements were performed at ESPRESSO endstation of Hiroshima Synchrotron Radiation Center under the temperature of 20 K, using photon energies of 21.2 eV (UV lamp) and 21 eV (Synchrotron radiation).
